Introduction
Porphyrin and its derivatives, as an important class of biological compounds in the nature, have been widely used in solar cells, biosensors, catalytic reactions and gas adsorption due to their characteristic ring structures of conjugated double bonds. [1] [2] [3] [4] [5] [6] In recent years, metalloporphyrins have been employed as biomimetic catalysts in a variety of oxidation reactions such as the degradation of organic dyes. 7, 8 But in fact, monomer metalloporphyrins have limitations in practice application. [9] [10] [11] For example, some water-soluble metalloporphyrins with peripheral groups (COOH, N(CH 3 ) 3 , SO 3 ) have been used to treat organic dyes in water. However, they cannot be recycled as they are hard to separate from reaction solutions.
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Some other metalloporphyrins, although with high catalytic oxidation activities, cannot dissolve in water, which limits the catalytic performance in aqueous solution, especially in the degradation of water-soluble organic dyes. Some new immobilized monomer metalloporphyrin composites with outstanding catalytic performances in aqueous solution, such as carbon-nanotube-porphyrin, C 60 -porphyrin, graphene oxide-porphyrin and TiO 2 -porphyrin composites, have been synthesized. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] However, the bonds between porphyrins and solid support surfaces are unstable, so the activities of supported metalloporphyrins decline soon in reuse.
Conjugated microporous and mesoporous polymers (CMPs) are a new type of covalent polymers with novel structures as well as high thermostability and porosity, some of which exhibit superb catalytic performances in non-polar reactions.
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However, it is difficult to synthesize CMPs constructed from metalloporphyrins as building blocks, as we all know that porphyrin rings are hard to be polymerized directly by covalent linkages because of the bulky steric hindrance between porphyrin molecules. Therefore, metalloporphyrin CMPs have rarely been reported. [30] [31] [32] Based on the disadvantages of metalloporphyrins and their immobilized composites in aqueous reaction and the advantages of metalloporphyrin CMPs for catalysis, we are interested in whether we can synthesize conjugated micro-and mesoporous polymers with monomer metalloporphyrins as building blocks to apply them in the catalytic degradation of water-soluble organic dyes. Since it is rather difficult to control the morphology of porphyrin polymers, most currently available conjugated polymers have sheet structures. In this study, the morphology of metalloporphyrin CMPs was regulated by selecting appropriate reaction conditions, metalloporphyrin templates and bridging groups. and copper iodide (38.1 mg, 0.2 mmol) was added into a 100 mL three-necked ask, and air was degassed by three cycles of argon gas pumping-ination. Air-removed THF (6 mL) and triethylamine (4 mL) were then injected into the three-necked ask under stirring and reuxed at 76 C for two hours.
Finally, the mixture was poured into plenty of aqueous KI solution aer being cooled to room temperature. The solid crude product was then collected by ltration, and carefully washed with water, THF, methanol and trichloromethane in turn. It was also washed by Soxhlet extraction with water, THF, methanol and trichloromethane for 24 h, respectively, and then dried in vacuum, giving a dark green solid (PP-EPMn) with a yield of 88.9% (Scheme 1). PX-EPMn was synthesized by using 4,4 0 -dibromobiphenyl as bridge. The steps were similar to those for PP-EPMn, but the reaction time must be extended to three hours, with the yield of only 70.0%.
amount of PP-EPMn or PX-EPMn and H 2 O 2 solution were added into the ask. The mixture was sampled at xed time intervals and rapidly centrifuged, from which the supernatants were collected and tested by UV-Vis spectroscopy. The absorbance of the characteristic absorption peak at 664 nm was measured to calculate the corresponding reduction rate of methylene blue.
Results and discussion

Characterizations of PP-EPMn and PX-EPMn
As shown in Fig. 1 4 PMn is assigned to C-H stretching of -C^C-H, which disappears aer formation of PP-EPMn and PX-EPMn due to the consumption of C-H. The characteristic peak of -C^C-at 2101 cm À1 attenuates and even disappears because the structures of PP-EPMn and PX-EPMn are highly symmetric. Meanwhile, the peak bathochromically shis to 2200 cm À1 . Besides, the peak at PP-EPMn and PX-EPMn were conjugated metalloporphyrin polymers with large BET surface areas and porous structures. At 77 K, they displayed typical type-III nitrogen sorption isotherm curves along with strong adsorptions at low pressure (P/P 0 < 0.1) (Fig. 3) , suggesting micropores and mesopores coexisted in the framework. The BET surface area of PP-EPMn was as high as 420 m 2 g À1 , of which the microporous area (about 194 m 2 g À1 ) accounted for 46.2%. Meanwhile, the BET surface area of PXEPMn was 480 m 2 g À1 , of which the microporous area (about 204 m 2 g À1 ) accounted for 42.5% (Table 1) . Fig. 3 also shows that there are a large number of micropores in PP-EPMn and PX-EPMn frameworks. The main pore diameters of PP-EPMn and PX-EPMn were about 1.48 nm and 1.37 nm respectively, and the contributions to pore volume were 44.76% and 41.52% respectively. The pore structures of PP-EPMn and PX-EPMn also veried porphyrin polymerization. The pore diameter of PPEPMn slightly exceeded that of PX-EPMn because the bridge of phenylene was not strictly coplanar with porphyrin ring during polymerization, leading to distortion and interpenetration between the polymer mesh and chain and forming micropores. The non-coplanarity between xenyl and porphyrin ring was stronger than that between phenylene and porphyrin ring, so PX-EPMn had more obvious distortion and interpenetration as well as smaller pore diameter than those of PP-EPMn. Moreover, due to the larger molecular size of xenyl than that of phenylene, the pore size distribution of PX-EPMn was more decentralized than that of PP-EPMn. FE-SEM images ( Fig. 4a and b) show that PP-EPMn and PXEPMn are composed of nanosized round spheres. The diameters of PP-EPMn nanospheres ranged from 200 nm to 400 nm, whereas those of PX-EPMn nanospheres with a more uniform diameter were mostly 150 nm. The diameter of PP-EPMn nanospheres was slightly larger than that of PX-EPMn, corresponding to the higher distortion degree of polymer mesh and chain during polymerization. Therefore, with increasing distortion degree, PX-EPMn became more compact during polymerization, forming nanospheres with smaller diameters. TEM images (Fig. 4c and e) clearly demonstrate spherical structures of the materials, and the sizes of spheres are the same as those observed by SEM. The surface of PX-EPMn was much rougher than that of PP-EPMn because the spheres surface of PP-EPMn was will-proportioned, and PX-EPMn was more uneven. TEM revealed that PP-EPMn nanospheres had smooth edges but PX-EPMn ones had obvious light and dark areas. In addition, HE-TEM images ( Fig. 4d and f) present that PP-EPMn and PX-EPMn have the same nanoporous structures, but the porous channel of the former is slightly larger.
Cyclic voltammograms show that the rst reduction potentials of PP-EPMn and PX-EPMn signicantly shi to more positive values compared with that of [p-ethynyl] 4 PMn (from À0.18 V to 0.13 V and 0.15 V respectively, Fig. 5 ), indicating that porphyrin monomers were bridged by phenylene and xenyl groups on the four directions of porphyrin rings. Over 310 mV decrease in the reduction potential can be attributed to the good electron transfer properties of porphyrin networks in PPEPMn and PX-EPMn. As a conjugated bridge between porphyrin monomers, phenylene ethylene was advantageous to , which enhanced the catalytic activities of polymers in the oxidation reactions.
Catalytic degradation of methylene blue
To study the catalytic effects of PP-EPMn and PX-EPMn on methylene blue oxidizing degradation, comparative tests were carried out in the presence of hydrogen peroxide, porphyrin, polymers, porphyrin and hydrogen peroxide, or polymers and hydrogen peroxide, respectively. The results are summarized in Table 2 , and the UV-Vis spectra of methylene blue aer 3 h of catalytic oxidation with different catalysts are shown in Fig. 6 .
A small amount of methylene blue (12.5%) was degraded only in the presence of hydrogen peroxide and without catalysts ( Table 2 ). In the presence of [p-ethynyl] 4 PMn or even coexisting hydrogen peroxide, the oxidation did not exceed 15.5%, indicating that it failed to effectively degrade methylene blue. Additionally, 38.2% of methylene blue was degraded by PP-EPMn in the absence of H 2 O 2 , which was markedly increased to 99.5% aer 1 mL of H 2 O 2 was added. This result is also apparent from Fig. 6 that the characteristic absorption peak of methylene blue at 664 nm disappears aer reaction in the presence of H 2 O 2 and PP-EPMn. We also detected the reaction mixture by ion chromatograph and NO 3 À , SO 4 2À and Cl À were found. These suggest the complete degradation of methylene blue. As shown in Fig. 7 , unlike highly hydrophobic [p-ethynyl] 4 PMn which has a contract angle of 138 on the deionized water interface, PP-EPMn and PX-EPMn have the contract angles of about 101 and 110 respectively, suggesting that they were more hydrophilic. The contract angle of PP-EPMn was close to the wettability limit of water (90 ), allowing it to contact and to react with dye molecules in water more easily, and its degradation efficiency was higher. This is in accordance with the reports about hydrophobicity affecting the catalytic performance. 36 In fact, PP-EPMn dispersed more rapidly and uniformly in aqueous solution in the experimental process. Thus, owing to the synergistic effects of porous nanosphere structure, conjugated covalent structure and good wettability, the catalytic activities of PP-EPMn and PX-EPMn were improved tremendously in the degradation of methylene blue dye.
Water-soluble organic dyes are most difficult to deal with among all pollutants in wastewater, the degradation of which is signicantly affected by pH, so we evaluated the effects of pH on the catalytic degradation of methylene blue by PP-EPMn (Fig. 8  and 9 ).
As shown in Fig. 8 , methylene blue is hardly degraded at pH < 3, but its degradation rate gradually increases with rising pH within 3 h. The degradation rate of methylene blue reached 59% at pH ¼ 5 (Fig. 9a) , increased signicantly thereaer (Fig. 8a) . Especially, the rate was 99.6% at pH 7 aer 3 h (Fig. 9b) . Even more gratifying is that PP-EPMn degraded methylene blue better in alkaline solution (Fig. 8b) , and the degradation rate remained above 99% with the reaction time greatly reduced. At pH ¼ 9 (Fig. 9c) , the degradation rate of methylene blue reached 87% in about 6 min, and reached 99% within 12 min. When pH was increased to 11, the degradation rate reached 99% only within 6 min. Oxomanganese(IV) porphyrin complexes were generated by homolytic -O-Ocleavage of hydroperoxides by manganese(III) porphyrin polymer in acidic condition, which were less reactive intermediates than oxomanganese(V) porphyrin complexes that are generated by heterolytic -O-O-cleavage of hydro peroxides in alkaline condition. 37 Hence, PP-EPMn degraded methylene blue better in alkaline condition than in acidic condition.
Actually, printing and dyeing plants generally generate alkaline wastewater. Since traditional Fenton reagents need acidic conditions to treat wastewater, considerable acids are consumed. In contrast, alkaline wastewater can be directly treated by PPEPMn. On the other hand, only wastewater at pH ¼ 6-9 can be discharged into the environment, according to the national environmental standards. Given that PP-EPMn can function in alkaline wastewater which without cumbersome pH adjustment before being discharged into the environment, it is obviously superior to Fenton reagents. Therefore, PP-EPMn is a suitable catalyst for treating actual neutral or alkaline wastewater.
Catalyst recyclability
Metalloporphyrin was polymerized to special insoluble macromolecular polymers that converted metalloporphyrin catalytic system to heterogeneous catalysis. This is an important way to improve the stability and even catalytic activity of metalloporphyrin, making it easily recovered for recycling in reaction. Fig. 10 shows the percentages of methylene blue degradation catalyzed by PP-EPMn aer each recovery cycle. Nearly 99% of methylene blue was reduced in each reaction cycle, suggesting that PP-EPMn remained stable and highly active aer 5 runs in the system.
XPS analysis
As shown in Fig. 11a , a set of peaks corresponding to Cl 2p (197.8 eV), C 1s (284.8 eV), N 1s (398.9 eV), O 1s (532.2 eV) and Mn 2p (643.1 eV) are observed. [p-Ethynyl] 4 PMn (Fig. 11a, i) , PPEPMn (Fig. 11a, ii) and used PP-EPMn (Fig. 11a, iii) had nearly the same chemical compositions. The ratios of the catalysts are shown in Table 3 . Obviously, the proportions of atomic compositions of PP-EPMn and used PP-EPMn did not change which indicated that PP-EPMn was stable and the polymer structure was undamaged aer ve times of catalytic cycles. 4 PMn (about 641.9 eV) shied to 642.4 eV in PP-EPMn aer polymerization, which revealed that the redox property of PPEPMn was affected by the hyperconjugation structure in which electron cloud was delocalized from the center of Mn to the bridges and nally promoting the catalytic reaction. 
Reaction kinetics
The reaction kinetics of methylene blue oxidized by hydrogen peroxide with PP-EPMn as catalyst was also investigated. The Fig. 10 The repetitive oxidation of PP-EPMn. relationship between the concentration variation of methylene blue (ln(C o /C)) and the reaction time (t) was shown in Fig. 12 . It was found that the kinetic model was corresponded to the pseudo-rst order at different pH values. The reaction rate constants can be calculated by the following equation, where k is the apparent rate constant at different pH values.
When pH ¼ 5, 7, 9, the value of k was calculated as 4.26 Â 10 À3 min À1 , 1.14 Â 10 À2 min
À1
, 0.308 min
, respectively. So PP-EPMn had higher degradation efficiency under alkaline condition (pH ¼ $7).
Plausible reaction mechanism
The efficiency of methylene blue decomposition is determined by two competitive processes of hydrogen peroxide cleavages, i.e. heterolytic and homolytic cleavages of -O-O-bond in manganese(III)-coordinated hydrogen peroxide molecule.
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The former process produces a cOH radical, while the latter process generates a oxomanganese(V) porphyrin intermediate which is active for methylene blue decomposition. 39 The main oxidative species in catalytic process can be detected through radical trapping experiments. As shown in Fig. 13b , when adding isopropanol, a scavenger of hydroxyl radicals, 41 little changes were found at pH ¼ 9. However, the catalytic activity of PP-EPMn was greatly inhibited at pH ¼ 5 (Fig. 13a) . Accordingly, cOH radical would be the main active species at pH ¼ 5, while the oxomanganese(V) porphyrin intermediate was the main active and more efficient species at pH ¼ 9.
Since methylene blue was completely degraded in a short time in alkaline solution but only partly degraded in a long time in acidic solution, apparently the -O-O-bond cleavage of hydro peroxides was sensitive to the pH of the reaction solution. So we postulated that the -O-O-bond cleavage of H 2 O 2 depended on pH of the reaction solution. -O-O-bond homolysis prevailed at low pH and -O-O-bond heterolysis became predominant at This journal is © The Royal Society of Chemistry 2018 high pH. The plausible reaction mechanism is shown in Scheme 2. In acidic condition, the homolytic cleavage of -O-O-bond in PP-EPMn III -OOH produces a cOH radical, but PP-EPMn IV -OH with a lower activity can decompose H 2 O 2 simultaneously, so methylene blue decomposed slowly and partly. In alkaline solution, however, the heterolytic cleavage of -O-O-bond in PPEPMn III -OOH generates an oxomanganese(V) porphyrin intermediate that is active for methylene blue decomposition. As a result, methylene blue was better degraded in alkaline condition.
Conclusions
Nanospheres of organic conjugated metalloporphyrin polymers (PP-EPMn and PX-EPMn) were synthesized with [p-ethynyl] 4 PMn as building block and with phenylene or xenyl groups as bridges for the rst time. PP-EPMn and PX-EPMn both had special nanosphere structures and PP-EPMn nanospheres had diameters of 200-400 nm, but PX-EPMn ones had a more uniform diameter of 150 nm. Methylene blue solution was chosen as a model of typical dye-containing wastewater. PPEPMn and PX-EPMn were applied as catalysts to degrade methylene blue in aqueous solution. The effects of temperature, amount of catalyst, pH and amount of hydrogen peroxidate were assessed in detail (ESI †). Both PP-EPMn and PX-EPMn showed high catalytic efficiencies against methylene blue pollutant through degradation. The two polymers applicable to alkaline wastewater treatment were superior to Fenton reagents which only worked in acidic condition. PP-EPMn and PX-EPMn can be recycled and continuously used, thereby being potentially suitable for industrial methylene blue removal.
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